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ABSTRACT

BIODEGRADATION OF NAPHTHALENE USING
PSEUDOMONAS putida (ATCC 17484) IN BATCH AND
CHEMOSTAT REACTORS
by
Jay Boyd Best

Kinetic experiments were conducted using Pseudomonas putida (ATCC 17484) to
determine the rate of growth when naphthalene was provided as a sole carbon source in
suspended biomass systems. Batch and chemostat reactors were used under three sets of
conditions: non-aerated, aerated at 29.5° C, and aerated at 25.5° C. A number of
concentrations were tested under each set of conditions. Data regression was used to
determine parameters for Monod (non-inhibitory), Andrews (inhibitory), and zero-order
kinetics. Although the Andrews fit of the data provided a slightly lower sum-of-squares
error (SSE), the amount of data scatter and the weak inhibition made the Andrews fit only
marginally better. In addition, extremely small values of the saturation constant (Ks <
0.01mg/L) made the use of a zero-order kinetic constant nearly identical with a Monod
model for naphthalene concentrations above 0.05 mg/L.

Particularly troublesome

experimental problems included inconsistent biomass measurements by optical density and
wall growth. Suggested biokinetic parameters are: µ = 0.0074 min-1, Ks = 0.0022 mg/L,
and K.1 = 31 mg/L (for Andrews model); µmax =0.0057 min-1, and Ks = 0.00088 mg/L (for
Monod model); and k0= 0.0058 min-1 (for the zero-order model)
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CHAPTER 1
INTRODUCTION

Biological treatment of wastewater has been extensively studied and there are many
excellent references describing these processes. More recently a great deal of attention has
been focused on the in-situ bioremediation of organic compounds at contaminated sites. Of
particular concern has been the restoration of groundwater resources at these sites
One important application of bioremediation is the treatment of polycyclic aromatic
hydrocarbons (PAHs), some of which are known to be carcinogenic (Dipple et al. 1990).
PAHs are produced by many industrial processes such as coal gasification (Luthy et al.
1994) and oil refining. They are major constituents in fossil fuels like coal, crude oil, and
heavy petroleum fractions. Natural processes such as volcanic eruptions and forest fires
also produce PAHs. Due to the many processes that contribute to PAH formation, they are
ubiquitous in the environment (Cerniglia 1993).
In-situ bioremediation has the potential to cost-effectively restore or reduce PAH
contamination in groundwater. In practice, however, in-situ bioremediation is an extremely
complicated technology. Cerniglia (I993) points out that there are many factors effecting
the biodegradation of PAHs "including soil type, moisture content, concentration of the
PAH, redox conditions, sediment toxicity, temperature, pH, electron acceptors, per cent
organic matter, seasonal factors, the presence of PAH-degrading organisms, inorganic
nutrient availability, depth, diffusion and physiochemical properties of the PAH." Since
remediation is costly and time consuming, the importance of a reliable engineering model to
analyze in-situ remediation options prior to committing resources cannot be
overemphasized.
Although the soil-groundwater system is complex due to the interaction of organic
compounds with the soil and groundwater phases, many models assume that biodegradation
occurs only when the organic con-pound is "bioavailable," and a compound is generally
only bioavailable when it is the aqueous phase. Thus, the rate of degradation of compounds
in the aqueous phase is of particular importance.
1
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The simplest PAH, and the focus of this investigation, is the two-ringed compound
naphthalene. Although only mildly toxic and non-carcinogenic, naphthalene is a useful
model compound for other PAHs. Naphthalene is a hydrophobic compound with a
relatively low aqueous solubility of 31.7 mg/L (May et al. 1978). At room temperature it is
a solid with a melting point of 80.2 deg C. Based on vapor pressures in Perry's Chemical
Engineers Handbook (1984; pg 3-58) and a three parameter Antoine Correlation,
naphthalene has vapor pressures of 0.096 and 0.145 nun Hg at 26° and 30° C, respectively.
As will be discussed in the next chapter, many investigators have determined simple
first-order rate constants for naphthalene degradation. These assume a simple linear
relationship between the rate of naphthalene loss and the naphthalene concentration for a
given biomass concentration.
rate of naphthalene loss = -k x [biomass colic] x [naphthalene conc.]
The proportionality constant k is the first-order rate constant.

(1-1)

Although the

relationship is frequently true at low concentrations, at high concentrations a maximum
degradation rate is reached. For some compounds the degradation may actually fall at
higher substrate concentrations due to toxic effects. As might be imagined, more complex
models are required to model these systems. Monod and Andrews models consider
maximum and inhibitory effects, respectively. This investigation determines the kinetic rate
parameters for two parameter (Monod), and three parameter (Andrews) kinetic models in
aqueous systems.

CHAPTER 2
LITERATURE REVIEW

In order to determine the extent of previous research related to this thesis, a review of the
available scientific literature was conducted. Computerized searches using the Engineering
Index (EI) and Chemical Abstract Services (CAS) produced approximately 150 references.
Keyword searches were used to obtain references related to naphthalene and biodegradation
rates, or naphthalene and Pseudomonas putida.

The number of potentially relevent

references was further reduced following a review of their abstracts. Approximately 70
references were located for final review. References that were considered to make some
contribution to understanding issues relevant to this thesis are referenced in the text and
appear in the bibliography.
There are many references in the literature that describe the partial or complete
degradation of naphthalene in the environment (Albrechtsen et al. 1992; Nielsen and
Christensen I994; Nielsen et al. I996; Heitcamp et al. 1987; Elmendorf et al. 1994). A
concise but excellent review article that discusses the biodegradation of PAHs is provided
by Cerniglia (1993).
Pathways for naphthalene degradation by bacteria have been well characterized
(Cerniglia 1993, Eaton and Chapman 1992). Figure 2-1 illustrates the degradation pathway
of naphthalene to salicylic acid. Naphthalene first undergoes oxidation to form cis-1,2dihydroxy-I,2-dihydronaphthalene. After several steps, the oxygenated aromatic ring is
opened to form trans-o-hydroxy-benzylidenepyruvate. After several more steps, salicylic
acid is formed.
Relative difficulty in degrading PAHs roughly follows increasing molecular weight of
substrate. In a study of sediment:water microcosms by Heitkamp and Cerniglia (I987),
naphthalene (128 g/Mol), the simplest PAH, had a half-life of 2.4-4.4 weeks compared to
200->300 weeks for benzo[a]pyrene (252 g/Mol). Similar results were reported by Sims et
al. (1990) when working with soil-only systems.
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Figure 2-1. Naphthalene Degradation Pathway

5

The genetic organization of the plasmids responsible for naphthalene and salicylate
degradation in Pseudomonas putida GI have been well characterized (Yen 1982). The
genes for naphthalene metabolism are on an 83-kilobase plasmid (nah7). Salicylate
provides control for the expression of these genes. An important feature of this type of
control is that there is always a low level of naphthalene degrading activity. As naphthalene
degradation produces salicylate, more messenger RNA is transcribed, resulting in more
enzyme formation and greater degradation. This induction model is supported by results of
Guerin and Boyd (1995) who showed that for Pseudomonas putida (ATCC 17484)
naphthalene degradation activity was present at a low level even after nine months of
growth in nutrient medium. High levels of degradation activity could be generated within
15 minutes of exposure to naphthalene. Another naphthalene degrading bacteria from the
genus Alcalgenes (strain NP-Alk) showed no naphthalene degradation activity after
prolonged growth without naphthalene and required many hours of naphthalene exposure to
readapt. It would seem that there is more than one scheme for control of naphthalene
degradation.
The importance of the nah7 naphthalene dioxygenase gene mentioned previously is
underscored by a study conducted by Fleming et al. (1993). They showed a quantitative
relationship between the presence of the nah7 naphthalene dioxygenase gene and PAH
degradation in contaminated soils. One of the unique aspects of their method is that no cell
cultivation is required prior to extracting and- quantitating the nah7 naphthalene dioxygenase
gene mRNA levels.
Müncnerová and Augustin (1994) provide an excellent review of the literature
regarding the metabolism of PAHs by certain fungi such as Cunninghamella elegans.
Cutright et al. have evaluated C. elegans for use in remediating PAH contaminated soils
(1994). There are a number of different fungal species that are able to degrade several of
the low-molecular-weight PAHs but encounter significant difficulty with larger molecules
of 5 or more rings. Unlike bacterial degradation which oxygenates the PAH to fowl a cisdihydrodiol, fungal degradation oxygenates to the trans-dihydrodiol indicating a completely
different reactive pathway utilizing the cytochrome P-450 monoxygenases (Müncnerová
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and Augustin 1994; and Cemiglia 1993). A third pathway, used by "white rot" fungi such
as Phanerochaeie chrysosporium, involves the extracellular attack of free radicals initiated
by lignin peroxydases on PAHs (Cemiglia 1994; Bumpus 1993). The PAHs are first
oxidized to quinones prior to ring cleavage. Algae have also been reported to metabolize
PAHs, primarily under photoautotrophic conditions. The mechanisms and pathways for
algal degradation of PAHs are not yet fully understood (Cerniglia 1994).
Mihelcic and Luthy (1988a & b) have investigated PAH degradation under a variety
of redox conditions. This is particularly important since in many environmental systems
where PAH contamination is present, oxygen is limited. Luthy and Mihelcic found that
naphthalene and acenaphthene were degraded under aerobic and denitrifying conditions. In
the absence of oxygen or nitrate, these PAHs were not degraded. Samson et al. (1990)
confirmed the degradation of naphthalene under denitrifying conditions with further
investigation of sorption-desorption effects.
The biodegradation of PAHs is to a large extent limited by their bioavailabilty which
is often equated to the aqueous solubility. The generally hydrophobic nature of PAHs
results in the partitioning of a large fraction of the PAHs into the organic phase of soil
(Samson et al. 1990; Guerin and Boyd 1992) or non-aqueous phase liquid (NAPL) in a
multi-phase system (Samson et al. 1990; Ghoshal et al. 1996). Log Koc values, which
measure the partitioning of a compound between octanol and water, have been reported as
2.74 (Abdul, Gibson and Rai 1987) and 2.68 (Guerin and Boyd 1992). Since many
environmental systems of concern contain both aqueous and solid phases, a number of
studies have investigated degradation in soil-water systems (Heitkamp et al. 1987; Nielsen
et al. 1996; Guerin and Boyd 1992; Ahn et al. 1996; Luthy et al. 1994; Al-Bashir et al.
1990; Heitkamp and Cerniglia 1987; Mihelic and Luthy 1988a & b). In a variation of the
soil-water or NAPL-water systems, research by Volkering's group (Volkering et al. 1992
and 1993) has focused on the degradation of naphthalene when added as crystals to batch
experiments; their results indicate that under most conditions mass transfer limits the rate of
degradation.
Particularly at former manufactured gas plants (MGP) sites, non-aqueous phase
liquids (NAPLs) are present. These liquids are complex mixtures of organic compounds,
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many of them PAHs. A review article by Luthy et al. (1994) provides an overview of the
complex issues that surround the cleanup of MGP sites.
Volatilization appears to play some role in the loss of the low molecular weight PAHs
naphthalene and 1-methylnaphthalene from soils. Sims et al. reported volatilization losses
of 30 and 20% for these two compounds, respectively (1990) The same study also found
losses of 2-20% by abiotic reaction mechanisms for 2- and 3-ring PAI-I compounds..
A major gap in the literature concerns the evaluation of aqueous biodegradation rate
constants. Of the 70 articles reviewed, eleven contained degradation rates. The rates
provided (and their limitations) are presented in Table 2-1. Although several references
provided values for the Monod parameters (µmax, and Ks) the experiments were generally of
limited scope. Two references (Buitron and Capdeville 1993; and Goldsmith and Balderson
1989) provided data that could be re-analyzed (see Appendix A) to determine rate
parameters. But these experiments are also of limited scope and the re-analysis based on
only a few data points. None of the references in Table 2-1 indicated any difficulty with
wall growth or variability of biomass measurements.
A critical issue when considering the treatment of any hazardous compound using
biological methods is possible inhibitory effects. None of the literature cited considered use
of a model with substrate inhibition. This is not surprising since only a few researchers
have even attempted to use a two parameter, Monod, model. One paper was found that
examined the possibility that naphthalene might be an inhibitor to growth on naturally
occurring, biogenic matter (Volskay and Grady 1990). Volskay and Grady used two
screening tests to examine the inhibitory effects of a number of compounds including
naphthalene. Naphthalene was found to have a 40% and 26% inhibition by the RIKA and
OECD method 209 screening procedures, respectively, at the aqueous saturation
concentration for naphthalene (31.7 mg/L).
The level of difficulty of determining appropriate kinetic parameters is exemplified by
a recent publication explaining a model for coupled mass transport and biodegradation (Ahn
et al.1996). Although they used naphthalene as a test compound for their model, the values
they included for kinetic parameters were guesses based on literature values for other
compounds.
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Table 2-1. Naphthalene Degradation Rates Provided in Literature
Degradation Rate

Reference

Comments

108.6 - 24.5 (L/g/h)

Buitron and Capdeville
(1993)

(Based on Re-analysis)
2.4 to 4.4
(weeks, as naphthalene
half-lives in sediment)

Degradation rates provided in reference are for µmax/ Ks.
S << . Based on results of
They make the assumption that S0
this thesis, the opposite is true ( 0 << ) The second values
are based on a re-analysis of their data (See Appendix A)Biomass was measured by optical density at 540 nm.

Heitkamp, Freeman
and Cerniglia (1987)

0.8 (day-1`)

Nielsen et al. (1996)

No attempt is made to provide the intrinsic biodegradation
rate. The rates provided are the result of biodegradation,
transport processes and variable biomass concentration.
Biomass was determined as cell count by the most-probablenumber methodThis first-order rate constant incorporates the biomass and
yield- Since no measurements of biomass were made, this
data is not usable for a model that includes changing biomass
concentration. These measurements are also complicated by
using a soil-water system.

4-7 to 34-1 (day-1)

Ghoshal, Ramaswami,
and Luthy (1996); and
Ghoshal and Luthy
(1996)

These first-order rate constants also incorporate the biomass
and yield. Since no measurements of biomass were made,
this data is not usable for a model that includes changing
biomass concentration. These measurements are also
complicated by using a NAPL-water system- The same data
is presented in these two references

0.008 to 0.211 (day-1)

Guerin and Boyd
(1992)

These Last-order rate constants also incorporate the biomass
and yield. Since no measurements of biomass were made,
this data is not usable for a model that includes changing
biomass concentration. Many of these values are based on
degradation-sorption effects in soil-water systems-

1-1 X 10-16 to
3.7 x 10-16(L/s/cell #)

Kulisch and Vi leer
(1991)

3.2 x 10-5 to 7.7 x 10 1
µg Naph/(g soil)/h

Fleming, Sanseverino,
and Sayler (1993)

µmax = 0.016 (min-1)
= 8-3 (mg/L)

Goldsmith and
Balderson (1989)

Growth rates parameters were not provided for naphthalene,
but data was re-analyzed (See Appendix A).

Volkering et al. (1992)
Volkering, Breure, and
van ...-kndel (1993)

Results are based upon a single experiment that was
complicated by the presence of naphthalene crystals. Biomass
was determined by measurement of optical density at 540 rim-

µmax = 0.011 (min-1)
Ks = 1.1 (mg/L)

(Based on Re-analysis)
µmax = 0.0055 (min-1)
= 0.04(mg/L)

These are Last-order degradation constants with respect to
biomass (as cell #/L) and naphthalene concentration- The
first-order constant was found to decrease with increasing
naphthalene concentration. A two parameter (Monod) model
might have provided a more appropriate model. Data was
not presented in a format that allowed re-analysis.
These first-order rate constants, determined from soil
degradation studies, also incorporate the biomass and yield.
Biomass concentration was determined by plating and
counting the number of colonies.

CHAPTER 3
OBJECTIVES

As discussed in Chapter 2, previous kinetic studies have failed to adequately determine
kinetic parameters. Most of the studies examined used first-order models for kinetic
analysis. In many cases these parameters did not separate the effect of biomass from the
rate constant. Thus, it is impossible to account for changes in the degradation rate that are
do to changes in the biomass concentration. Those studies that did use a two parameter
model were of limited scope, required re-analysis of the data, or had other complicating
factors such as the presence of a solid or NAPL phase. None of the references reviewed
even considered an inhibitory model.
This thesis has two primary objectives:
•

Determine an appropriate kinetic model, inhibitory or non-inhibitory, for
aqueous degradation of naphthalene.

•

Determine the kinetic parameters for the biodegradation of naphthalene
using either an Andrews or Monod model.

There are many different microorganisms that are capable of degrading naphthalene.
Since these objectives can not be met for all of the potential species that might be of
concern, one species strain, Pseudomonas putida (ATCC 17484), was used for most of the
studies described in the following sections.
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CHAPTER 4
EXPERIMENTAL APPARATUS AND REAGENTS

This chapter, the next one describing procedures, and Chapter 6 describing results together
provide the details necessary to understand the experiments conducted in support of this
thesis. Three different reactor systems were used: shake flasks, jacketed-batch reactors, and
chemostats. Analytical systems for the analysis of naphthalene and biomass concentration
were critical to all phases of experimentation.

4.1 Shake Flasks
Initial experiments used 250-m1, Nalgene flasks placed in a rotary shaker. Aeration
occurred through loosely fitting caps with only the shaker agitation to facilitate gaseous
transport. Seed cultures used to initiate other experiments were grown in a shaker operating
in a controlled temperature incubator. The incubator temperature was set between 26° and
29° C.

4.2 Jacketed-Batch Reactors
Figure 4-1 provides a schematic of the jacketed batch-reactor setup. These experiments
were conducted in one of two different sized Lucite reaction vessels. The larger of these
vessels was 16.2 cm in diameter and approximately 32.3 cm high with a removable lid. The
reactor was filled to a volume of 2 L at the beginning of each experiment. The smaller
Lucite reaction vessel, 14 cm in diameter and 32.3 cm high, was filled to a volume of 1 L.
Other details of the reactor setups are identical. Temperature was controlled by a water
jacket surrounding the exterior of the reactor. The water-bath pump and temperature
controller were a Neslabs Endocal RTE-8 system. Reactor temperature was measured with
a glass, mercury thermometer with 1° C gradations. Aeration was provided by a small
Dynatomic air bladder pump through a glass tube with a fritted end. A floating-ball, Cole
Palmer flow meter equipped with a needle valve, and a Tekmar Digital bubble meter, were
placed inline between the air pump and the glass tube to measure the aeration flow rate. A
10
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small air filter, 4.5-cm diameter, was placed between the air pump and the flow meters.
Contents of the reactor were continuously stirred by a magnetic stir bar at a speed of
approximately 120 rpm.
4.3 Chemostats
Chemostat experiments were run in three different reactors. Initial chemostats used a New
Brunswick microfermentor. This included a rotary agitator, and temperature controlled
heating mantle. The New Brunswick fermentor was only used for one set of chemostat
experiments (7/96) which did not include aeration.
Further chemostat experiments were conducted in the same Lucite reactors as those
used in the jacketed-batch experiments but with the addition of influent and effluent lines.
Figure 4-I shows the details of these reactor configurations. The influent reservoir
contained nutrient medium and suspended naphthalene crystals. A fitted glass tube was
used to withdraw the effluent without drawing the crystals. A peristaltic pump (Masterflex®
Cartridge Pump) was used to regulate influent and effluent flow. Influent tubing was
Masterflex® size 14, while the effluent tubing was size 16. The liquid volume in the
reactor was determined by the position of the lower end of the effluent tube, and was
generally maintained at either 1L or 2L, depending on the reactor size.

4.4 Analytical Equipment
High Performance Liquid Chromatograph (HPLC)
Auto-Injector:
Pump:
Detector:
Interface:
Mixer:
Column:
Integrator:

Spectro-Physics - SP8880
Spectro-Physics - SP8800
Spectro-Physics - Spectra 200
Nelson Analytical Series 750
Spectro-Physics - SP8500 Dynamic Mixer
Supelcosil LC-18 w/ guard column
CompuAdd Model 320 w/386 processor running Nelson
Model 2600 Chromatography Software, Rev. 5.10 (1988)

Spectrophotometer - Varian DMS 200, UV-Visible.
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Figure 4-1. Schematic Diagram of Jacketed-Batch and Chemostat Reactors
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4.5 Reagent Preparation
4.5.1 Nutrient Broth
The nutrient broth was prepared by diluting 8g of "BBL Nutrient" Broth into IL of
deionized water. The label on the broth container indicates that it contains 62.5 wt%
"pancreatic digest of gelatin" and 37.5wt% "beef extractives." The broth was autoclaved at
115° C for 2 hours and allowed to cool prior to use.
4.5.2 Inorganic Growth Medum
The inorganic growth medium was used previously by Coon (1994). Table 4-1 provides
details of the medium composition. All components except the manganous sulfate were
added to laboratory DI water in 4-L glass containers and autoclaved at 115° C for 2 hours.
To avoid formation of a precipitate during autoclaving, the manganous sulfate was prepared
separately, also in a 4-L glass container, and autoclaved. After the two components had
cooled they were mixed to form the concentrations indicated in Table 4-1.
Table 4-1. Growth Medium Composition
Components
Potassium Phosphate, Monobasic
KH2PO4
Potassium Phosphate, Dibasic
K2HPO4
Ammonium Sulfate
(NH4)2(SO4)
Magnesium
MgSO4-7H2O
Sulfate, Heptahydrate
Manganous Sulfate, monohydrate
MnSO4 •H20

Concentration
(g/L)

Concentration
(mg-mol/L)

1.134

8.332

2.901

16.65

0.25

1.892

0-05

0-2029

0.005

0.02958

Source and Grade
Fisher Chemical, 'certified
A.C.S.' - 99.3%
Aldrich, 'A.C.S. reagent' purity not indicated
Fisher Chemical 'certified
A.C.S.'- 101-9%
Aldrich, `A.C-S. reagent' 98+%
Baker, 'Baker analyzed
reagent'- 98-7%

4.5.3 Naphthalene-Saturated Growth Medium
Naphthalene-saturated growth medium was prepared by placing 5-10 g of naphthalene
crystals into a 4-L amber-glass container of inorganic growth medium prepared as described
above. It was generally observed via HPLC measurements that equilibrium saturation with
naphthalene was generally reached after about 12 hours of stirring, or a week of quiescent
standing.
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Separation of the crystals from the solution was accomplished by one of three
methods. Small amounts of saturated medium were obtained by carefully pipeting from
quiescent solution. Larger volumes, generally necessary for batch experiments, were
obtained by vacuum filtration through glass fiber filter. For chemostat experiments,
solution was withdrawn though a flitted glass tube with the aid of a peristaltic pump.
4.5A Calibration Standards
HPLC analysis requires the comparison of sample peak responses to those of reference
standards. Reference standard preparation consisted of two steps: first, preparation of a
concentrated '"stock" solution from naphthalene crystals, second, dilution of the "stock"
standard to prepare the "working" reference standards that are analyzed by HPLC. The
"stock" standard was first prepared by dissolving a measured amount of naphthalene (0.1 g)
into an HPLC grade solvent (either acetonitrile or methanol).

Once dissolved, the

naphthalene solution was transferred quantitatively to a 100-m1 volumetric flask. After
dilution to 100 ml, the "stock" standard concentration was I000 mg/L. The "stock"
standard was then used to prepare "working" standards for HPLC calibration. Table 4-2
indicates the working standard concentrations and the dilutions required to create them.
Table 4-2. Working Standard Concentrations and Dilutions
Concentration
(mg/L)
1
5
10
15
20
25
30

Working Standard
Volume (m1)
100
100
100
100
100
100
100

Stock Standard
Volume Required (ml)
0.1
0.5
1
1.5
2
2.5
3

CHAPTER 5
EXPERIMENTAL PROCEDURES

5.1 Selection of Culture
Initially three cultures were obtained; each reported to degrade naphthalene. Two of these
were obtained from the laboratories of Dr. Edward J. Bouwer at Johns Hopkins University
(Ehlers 1996). One of these was a mixed culture obtained from the site of a former
manufactured-gas plant. The second, a pure culture of Pseudomonas putida GI, originally
came from the U.S.EPA Gulf Breeze Laboratory in Florida. The PpG1 culture was found to
successfully degrade naphthalene under aerobic conditions in shake flask experiments.
A third culture was obtained from the American Type Culture Collection. This
Pseudomonas putida biotype A (ATCC 17484) was also found to degrade naphthalene
under aerobic conditions in shake flask experiments.
Each of the three cultures was initially grown in a nutrient broth. The mixed culture
was received as a suspension in a sealed culture tube. A 0.5 ml aliquot was removed and
added to a second culture tube containing the nutrient broth. The PpG I culture, received as
a streak on an agar plate, was also transferred to nutrient broth in a culture tube. The ATCC
culture, received as a freeze-dried pellet of culture, was reconstituted with about 10 ml of
sterile DI water and transferred to a second culture tube with nutrient broth. After several
days all three cultures showed signs of growth by becoming turbid.
The cultures were transferred to inorganic growth medium in 250-m1 flasks. In order
to acclimate the cultures to growing on naphthalene as a sole carbon source, small amounts
(25 to 50 ml) of medium saturated with naphthalene were added to each flask. When the
odor of naphthalene was no longer apparent, an additional aliquot of naphthalene would be
added. This was repeated until the optical density of the culture had reached approximately
0.05 at 540 mu. The culture was then split. After several days of acclimation, the PpG1
and ATCC cultures appeared to degrade the naphthalene within 24 hours. No discernible
degradation was observed by the mixed culture. Figure 5-I shows the results of HPLC
analysis of the naphthalene for two consecutive days after spiking all three cultures with
15
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naphthalene. In spite of several attempts to acclimate the mixed culture to naphthalene, no
degradation was observed and further experiments with the mixed culture were abandoned.

Figure 5-1. Comparison of Naphthalene Degradation in Each Culture
Further experiments, conducted using both the ATCC and the PpG1 cultures are
described in Section 5.4.1 .
It was decided to use the ATCC culture in all subsequent experiments, since it was the
most active naphthalene degrader (results described in section 6.1.1) and could be easily
obtained from ATCC by future investigators.

5.2 Naphthalene Sampling and Analysis
5.2.1 Collection of Samples
Samples were pipetted from reaction vessels to 1.8-m1 autosampler vials. Sample vials had
Teflon-lined septa and plastic screw caps and were generally filled to the shoulder of the
vial, as per the instructions of the autosampler manufacturer (Spectro-Physics). The same
procedure was followed when preparing the standards.
Each vial was preserved prior to sample collection with approximately 60 µl of 1:1
HCI solution prepared by diluting concentrated reagent-grade HC1 with an equal volume of
water. The HC1 preservative causes the sample pH to drop to less than 2, immediately
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stopping any further biological activity. Prior 1:1 dilution of the HC1 minimizes any heat
effects when added to the sample vial. Although the preservation causes a slight dilution of
each sample, the change in volume (approximately 4%) is fairly small. In addition since all
samples and standards are also preserved in the same manner, any bias caused by the
dilution is accounted for in the calibration procedure.
5.2.2 Naphthalene Analysis by HPLC
All samples for naphthalene analysis were analyzed using a Spectro-Physics HPLC system
with auto-sampler, C-18, reverse-phase column, and ultra-violet (UV) detector. In a manner
similar to the naphthalene analysis of previous degradation studies (Volkering et al. 1992
and 1993), direct aqueous injection of the sample was used. Isocratic elution of naphthalene
was accomplished with a mobile phase of 80% acetonitrile and 20% water. Although most
methods use fluorescence spectroscopy, it was also known from EPA method 8310 (EPA
1986) that UV absorption could be used. Naphthalene absorbs UV at a wavelength of 254
nm, Since a UV detector was readily available; analysis of naphthalene, with an 80:20
acetonitrile:water mobile phase, and UV-adsorption detection, was attempted. When this
method proved successful, the method was modified to use methanol rather than
acetonitrile. The change in solvent, made to reduce costs and exposure hazards associated
with acetonitrile, did not result in any change in analytical performance. Specifics of the
final method are provided in Table 5-1
The aqueous portion of the mobile phase was preserved by adding 10 ml of glacial
acetic acid per 1000 ml. Both aqueous and methanol portions of the mobile phase were
vacuum filtered through a 0.45 µm membrane filter and degassed under vacuum in an
ultrasonic bath. To further reduce the presence of dissolved gases, the mobile phase was
bubbled with helium (Matheson Gas - Ultra-High Purity) for 20 to 30 min prior to use each
day and maintained under helium during use.
Detector response was electronically recorded from 3 to 7 minutes into the analysis
run using the Nelson interface and computer software. Naphthalene retention time was
approximately 4.6 min and varied by less than 0.1 min during all of the experiments
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Table 5-1. HPLC Parameters for Naphthalene Analysis
Auto-Injector:

Spectro-Physics - Sp8880

Pump:

Spectro-Physics - Sp8800

Detector:
Wavelength
Column:
Mobile Phase:

Flow Rate:
Injection Volume:
Cycle Time:
Interface:
Mixer:
Integrator:

Spectro-Physics - Spectra 200
254 nm
Supelcosil LC-18 w/ guard column
800/o Methanol (Fisher Scientific
HPLC Grade high purity)
20% Water (MilliQ Ultra-Filtered)
1 ml/min
20

µl

7 min
Nelson Analytical Series 750
Spectro-Physics - SP8500 Dynamic
Mixer
CompuAdd Model 320 w/386
processor running Nelson Model
2600 Chromatography Software,
Rev. 5.10 (1988)

conducted. Figure 5-2 provides a representative chromatogram of a naphthalene standard
analysis. Nearly all runs were automatically integrated by the Nelson software. Some low
concentration analyses (less than 0.5 mg/L) required manual identification of the
naphthalene peak before allowing the software to perform the integration.
Concentrations were calculated by comparing peak areas of reference calibration
standards to peak areas of the sample chromatograms. Standard preparation and
concentrations are discussed in Section 4.4.4. Figure 5-3 illustrates a typical calibration
curve.
Two methods were used for the generation of parameters for the calibration curves.
The first was to take a simple linear regression of the calibration data to determine the slope
and intercept of the best fit line. The reciprocal of the slope was then used as the response
factor (RE) for calculating the sample concentration from the sample peak area according to
the equation:
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Figure 5-3. Typical Calibration Curve
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where,
The second method uses a linear regression of the natural log of peak area to
determine the calibration parameters m and b in the following equation:

Selection of the calculation method, straight linear regression or the log
transformation, was based on which provided the best agreement with the calibration data.
Agreement was determined by summing the absolute percent differences between the actual
and calculated standard concentrations for a given calibration curve. In nearly all instances
the log transform provided a slightly more accurate calibration.

5.3 Biomass Concentration Measurements by Optical Density
Biomass concentration was measured by optical density (OD) using a Varian DMS UVVisible Spectrophotometer at 540 nm compared to a DI-water reference. A small aliquot,
about 2.5 ml, was placed into a square (1 cm by I cm) quartz cuvette. Biomass
concentration in mg/L was determined by using a calibration factor (BF) determined by
experimentation.
Determination of BF requires OD measurments in a sample of known biomass
concentration. Two gravimetric methods were employed for the measurement of biomass
concentration. Both methods required growing a Pseudomonas putida culture on
naphthalene or nutrient broth. The first method employed vacuum filtration of a known
volume of Pseudomonas putida culture, followed by drying of the filter and filter cake at
approximately 125° C. In order to achieve a relatively clear filtrate it was necessary to use a
series of increasingly fine glass-fiber filters followed by a 0.45-µm pore size membrane
filter. Unfortunately, the vacuum filtration rate was exceedingly slow (approximately 8
hours for 40 ml of culture) under these conditions. In order to obtain enough biomass for an
accurate gravimetric measurement it was necessary to grow the biomass to a high
concentration. This could only be done by growing the Pseudomonas putida on nutrient
broth. The high biomass concentration also resulted in an OD that was above the linear
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range of measurement. Thus, it was necessary to measure the OD of a series of dilutions
and back calculate the OD of the original culture. Details of the calculation and a semi-log
plot of the calculated OD vs. dilution factor appear in Appendix B. At low dilutions, the
measurement underrepresents the actual biomass concentration. At higher dilutions, errors
are introduced by working near the lower limit of the spectrophotometer sensitivity. A
summary
of the two filtration trials and the calculated calibration factors appears in Table
5-2.

The second gravimetric method for measuring biomass employed centrifugation to
separate the biomass from the culture. Approximately 400 ml of culture was centrifuged at
650 G for about 40 minutes. Four 50-m1 centrifuge tubes were placed into a Clay Adams
model DYNAC II centrifuge in two batches. This produced a clear supernatant and residual
of separated biomass at the bottom of each tube. After decanting the supernatant, the
separated cells were rinsed with DI water and centrifuged a second time. The resulting
supernatant was again decanted and the biomass rinsed into a pre-tared aluminum weighing
dish. The dish was placed into a drying oven at about 125° C and allowed to dry. After
drying, the biomass was determined by weighing, and the original biomass concentration
was calculated by dividing the biomass by the culture volume originally placed in the
centrifuge.
Because centrifugation allowed a much larger volume of culture to be separated, it
was not necessary to use as high a concentration of biomass. Thus, it was possible to use a
culture grown on naphthalene rather than nutrient broth. This method was considered more
accurate than that employing filtration..
Whether the filtration or centrifugation method was used, a calibration factor (BF)
was calculated by:
5-3
Once BF was determined, the biomass concentration was calculated according to:
5-4
where,
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Table 5-2 presents measurements and results for three replicate calibration trials.
Table 5-2. Optical Density Calibration Measurements

Trial
OD Before Filtration or Cetrifugation
OD After Filtration or Cetrifugation
Culture Volume (ml)
Dry Biological Mass (mg)
Biomass Concentration (mg/L)
Cal. Factor - BF (mg/(L*OD))

Filtration
1
2
1.605
1.356
0.03
0.031
40
40
25.3
35.3
632.5
882.5
477
561

1
0.052
0.004
400
12.3
30.8
641

Centrifugation
2
0.062
0.009
330
13.4
40.6
766

3
0.047
0.003
200
6.7
33.5
761

The average calibration factor from all the trials is 641.2. This calibration factor was
used to calculate the results that appear in Chapter 6.

5.4 Shake Flasks
Shake flasks were used to conduct several batch experiments. The shake-flask experiments
served to: help select which of the three cell cultures would be used, provide initial
estimates of the kinetic parameters, and further refine experimental technique.
5.4.1 Preliminary Measurements
Initial kinetic experiments were conducted in 250 ml shake flasks, using the Pseudomonas
putida G1 culture from EPA's Gulf Breeze Laboratory and the ATCC culture as indicated
in Table 5-3.
Table 5-3. Preliminary Shake Flask Experiments
Medium (ml)
Seed Culture (ml)
DI Saturated w/
Naphthalene (ml)
DI Water (m1)
Initial Naphthalene
Conc. (mg/L)*

Initial Volume (ml)

Gulf Breeze
80
50

ATCC
80
50

Control
100
0

50

50

100

20

20

0

12

12

12

200

200

200

* Approximate - Actual concentrations determined by HPLC
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Samples were collected from each flask at approximately 20-min intervals until
naphthalene could no longer be detected by HPLC in either of the culture flasks. Biomass
concentration was measured by optical density as described in Section 5.3 and duplicate
vials were collected for the measurement of naphthalene concentration by HPLC. Results
of these experiments are described in Section 6.1.1.
5.4.2 Multi-Concentration Shake Flask Experiments
The next experiments were intended to provide estimates of the specific growth rate
parameters. Four sets of experiments were conducted using shake flasks at different
naphthalene concentrations. Each of these experiments was intended to measure the initialgrowth rate of the culture at a particular naphthalene concentration. A plot of the initialgrowth rate vs. the naphthalene concentration provides the characteristic kinetic curve.
Several problems were encountered while running these experiments as explained below
and in Section 6.1.2. These problems ultimately lead to the decision to abandon further use
of the shake flask to measure the kinetic parameters in favor of a temperature-controlled,
jacketed reactor.
For each experiment, ATCC culture was added to inorganic growth medium,
containing naphthalene as the sole carbon source. The rate of naphthalene loss and biomass
growth was then measured until naphthalene could no longer be detected. Each experiment
also included a sterile control containing naphthalene but no seed culture. Some
experiments also included a culture control that contained no naphthalene but was seeded
with ATCC culture. Table 5-4 provides a summary of the preparation of each flask for each
experiment.
Experiment I was intended to provide an indication of the specific-growth rate over a
broad range of naphthalene concentrations. Due to an inadvertent error, none of the
Experiment 1 samples for naphthalene analysis by HPLC were preserved with HCI. By the
time the samples were analyzed, naphthalene could not be detected in any of the samples.
Since the specific-growth rate was calculated based on the biomass concentration, and the
initial naphthalene concentration was known (approximately), some results were salvaged.
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Table 5-4. Experimental Dilutions for
Multi-Concentration Shake Flask Experiments

The intended starting naphthalene concentration was used (for experiment I only) rather
than that determined by HPLC.
Experiment 2 was essentially a repeat of experiment 1 with the refinement that at low
naphthalene concentration the initial biomass concentration was reduced still further to
allow greater time to measure the degradation,
Experiment 3 was intended to provide greater resolution of the specific growth rate at
low concentration. Not only were the naphthalene concentrations lower but the amount of
seed culture was reduced to allow more time for the degradation to occur. Unfortunately,
the seed culture for experiment 3 was not properly acclimated to the naphthalene and no
degradation was observed. Experiment 4 was a replication of the ill-fated experiment 3.
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As will be discussed in Chapter 6, the shake flask experiments suffered from 2 critical
flaws: first the temperature could not be adequately controlled, secondly oxygen was most
likely a limiting reactant. Both of these could be corrected by using a more controlled
reactor described in the next section.

5.5 Jacketed Reactor with Aeration
The use of a jacked reactor provided two significant advantages over the shake-flask
experiments. The temperature could be measured and controlled continuously to within 1°
C. Secondly, not only was it possible to provide aeration but the aeration rate could be
regulated. Unfortunately, it was not possible to provide a fine level of aeration control
(aeration rates typically varied by 20% to 30% during an experiment and by as much as
50% between experiments). It was possible, however, to accurately measure the aeration
rate using a bubble meter.
5.5.1 Measurement of Naphthalene Loss by Abiotic Mechanisms
There are two mechanisms for naphthalene loss due to abiotic processes: stripping of the
naphthalene from the solution due to volatilization (which is the major loss mechanism),
and adsorption of naphthalene to the reactor container. It was assumed that in a given bioreactor the abiotic losses would depend only on the temperature, the rate of aeration, and the
naphthalene concentration. Volitilization was determined from experiments conducted at
different aeration rates in a sterile system.
Adsorption losses are more difficult to determine since they depend on the available
surface concentration and the prior history of the system (naphthalene adsorbed at a high
concentration might be released at a lower concentration). In order to determine the
possible effect of adsorption in a qualitative sense, an experiment was conducted to estimate
the maximum amount of naphthalene that might adsorb to the walls of a Lucite reaction
vessel. This involved putting sterile, naphthalene-saturated medium into the reactor and
waiting several hours to reach equilibrium. The medium was then decanted and the reactor
gently rinsed with DI water to remove any residual medium. Methanol was then used in
three washings to strip the naphthalene from the surface. The amount of naphthalene
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present in the methanol washings was then quantified by HPLC. In a variation of this
experiment, after rinsing with DI, the naphthalene saturated medium was replaced with
medium containing no naphthalene. The rate of naphthalene desorption from the reactor
surface was then measured over time by measuring the naphthalene concentration in the
reactor medium.
Results of these experiment and further explanation of how the abiotic losses were
applied to the results are included in Section 6.2.1.
5.5.2 Measurement of Naphthalene Loss due to Biodegradation
Initial degradation rates using the jacketed reactor were obtained at 29° to 30° C. As will be
seen in Section 6.2.2, a large degree of scatter was observed in these results some of which
was thought to be due to the relatively high temperature of the experiments. Thus, a second
set of experiments was conducted at a more moderate 25° to 26° C.
Batch experiments used two different schemes for initiation. Nearly all of the first
four experimental groups used a simple "addition" method. The reactor was filled to the
required volume with naphthalene saturated medium, additional medium without
naphthalene, and the seed culture. Since the biomass concentration of the seed culture
varied, different amounts were required to obtain a target optical density of 0.02 to 0.03.
When all of the components had been added, measurements of the: optical density,
naphthalene concentration, temperature, and aeration rate were collected periodically.
During some experiments, an attempt was also made to measure dissolved oxygen in the
reactor. Due to problems with the DO probe, these measurements were not considered
reliable and further attempts were abandoned.
The last set of batch experiments included a variation in the manner in which they
were initiated. Rather than simply add all of the ingredients at once, the reactor was first
run as a chemostat at a flow rate great enough to slowly cause washout. In this manner, the
culture was allowed to acclimate to a steadily increasing naphthalene concentration. When
the naphthalene concentration had reached an appropriate level, the flow of fresh medium
was stopped; and the previously mentioned parameters were periodically measured as in a
batch reactor.
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Table 5-5 summarizes the various conditions for each of the jacketed batch reactor
experiments. Results of all of these experiments appear in Section 6.2.2.
Table 5-5. Summary of Jacketed Batch Reactor Experiments
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5.6 Chemostats
At naphthalene concentrations below 1 or 2 mg/L batch experiments no longer provide
accurate results due to the limited sensitivity and precision of the OD measurement for
biomass. Thus, it was necessary to use a continuous reactor, or chemostat. Figure 4-1
provides a detailed schematic of the reactor setup.
Experiments were initiated by filling the reactor with medium and seed culture to the
required volume. Since the seed culture biomass concentration varied, seed culture was
added to obtain an optical density of 0.04 to 0.05. A continuous flow of fresh medium
saturated with naphthalene was started at a flow rate substantially lower than the estimated
theoretical washed-out flow rate. This was intended to give the culture a chance to
acclimate to the reactor environment. Over a period of hours the flow rate was
progressively increased. Measurements of biomass, naphthalene concentration, temperature
and aeration rate were collected at periodic intervals. When it appeared that the
measurements had stabilized for a particular flow rate over a period of two to three reactor
retention times, the measurement was considered complete and the flow rate was again
increased. Measurements of the reactor parameters were again collected until they appeared
to stabilize and the flow rate could again be increased.
In practice, particularly at high flow rates, it was observed that one of the mechanisms
that the organisms used to acclimate to their environment, was to form a biofilm on the
reactor surfaces. Over a period of 12 to 48 hours, depending on the flow rate, biomass
would grow on reactor surfaces rather than flow through the reactor. The result is that much
higher naphthalene concentrations and flow rates could be achieved without washing the
organisms out of the reactor.
Later chemostat experiments (3/97) included daily cleaning to remove the biomass
from reactor surfaces. First, the suspended culture in the reactor was removed, followed by
physical scrubbing of the reactor surfaces using hot water and laboratory detergent. The
reactor was then rinsed with hot water, followed by a 10% dilution of household chlorine
bleach, and finally sterilized DI water. The suspended culture was then returned to the
reactor and aeration and influent flow restarted. This cleaning process could be
accomplished in approximately 20 minutes.

29
Table 5-6. Summary of Chemostat Experiments

Since the chemostat experiments were intended as a complement to batch-reactor
xperiments, chemostat experiments fall into three groups. The first experiments were run
vithout aeration and should be compared to the shake-flask experiments described in
Section 5.4.2. Unlike the shake-flask experiments, however, the chemostat was controlled
or temperature (29.5° C). Table 5-6 summarizes the experimental conditions for the
arious chemostat experiments. Section 6.3 discusses the results of these experiments.
Chemostat experiments with aeration conducted at 29° to 30° C (or 25° to 26°C) can
e compared to jacketed batch reactor experiments run under the same conditions. Lucite
actors were used for the jacketed batch reactor experiments and the chemostat
experiments with aeration. The non-aerated chemostat experiments (Jul-96) were run in a
lass reactor, while the non-aerated batch experiments were run in Nalgene shake flasks.

CHAPTER 6
RESULTS AND DISCUSSION

This chapter explains the outcome of each experiment including the quality or reliability of
the data, and problems encountered. Individual experiments and groups of related
experiments are considered first. Then, results are fit into context of the entire thesis. In
many instances, results or problems encountered with one set of experiments lead to
modifications of procedures for the next set of experiments. Thus, this chapter provides
some of the explanation for apparatus and procedures described in Chapters 4 and 5.
The first part of this Chapter, sections 6.1 through 6.3, parallel sections 5.4 through
5.6 in the previous chapter. One way to read these sections is to first read the experimental
description of the last chapter then skip to the corresponding results in this chapter.

6.1 Shake Flasks
Shake-flask experiments were used to achieve two objectives: (I) grow and select a culture
for further evaluation, and (2) estimate the culture growth rate with naphthalene as the sole
carbon source. Section 6.1.1 describes results of preliminary measurements designed to
meet the first objective. The second objective is met by results described in Section 6.I.2.
6.1.1 Preliminary Measurements
Figure 6-1 shows naphthalene concentration- with time for shake flasks containing
Pseudomonas putida ATCC 17484, the Pseudomonas putida GI from EPA's Gulf Breeze
Laboratory, and a sterile control. Five hours were required by the ATCC culture to
completely degrade 13 ppm of naphthalene, while nearly 11 hours were required by the
PpG1 culture to degrade the same concentration under identical conditions. (Naphthalene
losses in the control were due primarily to volatilization.) These results were used to
provide initial estimates of the degradation kinetics assuming a non-inhibitory Monod
regime.
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Figure 6-1. Comparison of Naphthalene Concentrations in
Preliminary Shake-Flask Experiments.
The general Monod equation for substrate loss is:
6-1

Equation 6-1 can be rearranged to:
6-2
By plotting
determine Ks and

it is possible to obtain a straight line that can regressed to
The overall yield was estimated from the loss of naphthalene and

the increase in biomass according to:
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Appendix C includes spreadsheet calculations for these parameters. The following
values were determined as first estimates:

These parameter values were used as first estimates in later non-linear solution
algorithms described in Section 6.4.
6.1.2 Multi-Concentration Experiments
Section 5.4.2 describes four experiments conducted in shake flasks, each one using several
concentrations. Due to problems with the seed culture, experiment 3 did not produce any
usable data. The biomass and naphthalene concentrations for a typical flask are presented in
Figure 6-2. Equivalent curves for additional shake-flask data are presented in Appendix D.
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Analysis of the data is performed by assuming a differential equation of the form:

In practice p is a function of S, but for relatively small time increments the assumption
is made that the change in p is small and equation 6-4 can be integrated to obtain:

For a given naphthalene concentration the value of p can then be determined from the
initial slope of a plot of ln(X) vs t. Semi-log plots of representative shake-flask data are
presented in Appendix E. Average naphthalene concentrations over the initial linear region
were used to determine the value of S for all experiments except experiment 1. Since
experiment I samples were not preserved (see discussion in Section 5.4.2), initial estimated
naphthalene concentrations were used for these results. Figure 6-3 shows plots of all the
calculated specific-growth rates from the shake-flask experiments. Table 6-1 presents all
the data points along with the yields (Yobs) calculated according to equation 6-3.
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Table 6-1. Summary of Shake-Flask Experiment Results

Viewed as a whole the experimental data appears scattered. As such, the accuracy of
fitted parameters will be reduced. If considered one experiment at a time, however, the data
appear to be internally consistent. Perhaps there was a variable that was not adequately
controlled for, but did not change appreciably during a given experiment. Although the
flask temperature was not recorded, it was noted that the laboratory was particularly cold
(14° C) during experiment 4. Thus, temperature was identified for control in future
experiments.
It also appears based on inspection that an inhibitory, Andrews, model might provide
a better fit of the experimental data than a non-inhibitory, Monod, model, However, in the
shake flask experiment the only source of aeration was around loosely fitting plastic caps,
and through the swirling liquid surface. The theoretical oxygen demand assuming complete
respiration to carbon dioxide and water is 3.0 (mg Oxygen : mg Naphthalene). Assuming

35
that the medium is saturated with oxygen to begin with (6-8 mg/L for these experiments
depending on temperature and salinity), any experiment with a starting naphthalene
concentration above 2 mg/L will require some additional oxygen. For naphthalene
solutions considerably above 2 mg/L, the film transfer of oxygen is likely to become rate
limiting. Without adequate oxygen supplied to the medium it may be impossible to tell the
difference between naphthalene inhibition, modeled by the Andrews equation, and oxygen
as the rate limiting substrate.
Another difficulty with using the batch data for either a Monod or Andrews fit is that
the substrate utilization parameter, Ks, depends largely on the experimental values at low
concentrations. But in a batch experiment, where the growth rate is measured as a change
in the biomass concentration, there is not enough growth at low initial concentrations to get
an accurate specific-growth rate. Low substrate concentrations require a continuous,
chemostat reactor for more accurate determination of the specific growth rate.
The jacketed-batch and chemostat experiments attempt to correct some of these
problems.

6.2 Jacketed-Batch Reactor with Aeration
The desire to obtain more accurate measurements lead to the use of a temperaturecontrolled reactor with aeration. In the shake-flask experiments, the losses of naphthalene
due to abiotic mechanisms were largely ignored as a matter of convenience. With the
addition of aeration, naphthalene loss due to volatilization was substantially increased.
Section 6.2.1 presents the results of experiments designed to better ascertain the extent of
abiotic loss.

Section 6.2.2, meanwhile, continues the discussion of experiments to

determine biodegradation rates.
6.2.1 Naphthalene Loss by Abiotic Mechanisms
Section 5.5.1 discusses two sets of experiments: the first to quantitate the extent of
naphthalene loss due to volatilization, and the second to qualitatively determine the extent
of surface adsorption.
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6.2.1.1 Naphthalene Loss Due to Volatilization
Since agitation rate and temperature were maintained constant, the naphthalene loss due to
volatilization was correlated with aeration rate according to the following first-order
equation:

where, k = rate constant (min-1). (Alternatively, a mass transfer coefficient, KLa, could
be used instead of a rate constant, k.)
We assumed that k could be estimated by a linear correlation with the aeration rate
(04,r) according to:

where a and β are parameters to be determined empirically. Although, a and β were
fit as empirical parameters, there is some physical significance. When there is no air flow
= 0), k = β. The β parameter accounts for naphthalene loss due to natural convection.
The additional loss due to aeration is accounted for by a. A theoretical treatment of a is
presented in Appendix F.
By rearranging equation 6-6 and integrating, we obtain:

Equation 6-8 can be used to estimate k at any measured aeration rate. The parameter k
was measured at several aeration rates. Equation 6-7 was then used to determine the
parameters a and β by linear regression.
Figure 6-4 presents experimental data and regressed parameters for 29.5°C in a 2-liter
reaction vessel. Since different reactor temperatures and sizes were used it was necessary to
determine the parameters a and β for each reactor set up. Similar experimental data and
parameters for the 2-L 25.5°C system and the 1-L 25.5°C system are presented in Appendix
F.
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Figure 6-4. Volatilization Loss Parameter (k) as Function of
Aeration Rate (QAir) at 29.5°C in 2-Liter Reaction Vessel
6.2.1.2 Naphthalene Loss due to Adsorption to the Reactor Surfaces
The rate of naphthalene loss due to adsorption to the reactor surfaces depends on factors
such as: temperature, reactor surface area, agitation speed, medium concentration (or ionic
strength), and naphthalene concentration. Section 5.5.1 describes two experiments to
qualitatively determine the significance of adsorption and desorption. Both experiments
were started by placing medium saturated with naphthalene (approximately 32 mg/L) into
the reactor for about 2-'/2 hours. After dumping the medium and gently rinsing with DI
water, the first experiment used three methanol rinses to strip adsorbed naphthalene from
the reactor surfaces. Table 6-2 summarizes the results of these rinses.
The second experiment placed clean medium without naphthalene into the reactor
following the DI rinse. The concentration of naphthalene desorbing from the reactor
surfaces was measured over time. Figure 6-5 summarizes these results.

Due to

volatilization losses and the relatively small amount of adsorption, a material balance could
not be performed for either experiment.
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Table 6-2. Naphthalene Concentration in
Methanol Rinses of Reactor Surface

Figure 6-5. Naphthalene Concentration Due to Desorption
The last point in Figure 6-5 was collected the morning after the previous points. By
this time the temperature had dropped from 25.5° C to 21° C. The temperature drop
combined with the extended time for loss by volatilization may bias the naphthalene
concentration low.
Comparison of the amount of naphthalene that had desorbed during the overnight
period using medium (2.6 mg) with what was desorbed in a few minutes using methanol
(0.112 mg as presented in Table 6-2) indicates a significant under reporting using the
methanol rinse over a short time period. Since naphthalene is very soluble in methanol (0.1
g of naphthalene was easily dissolved into 50 ml of methanol when preparing standards) it
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must be assumed that the Lucite container is partially permeable to naphthalene.
Naphthalene may slowly permeate the reactor walls when a high concentration is present in
the medium. When a lower concentration is present, naphthalene is slowly released to the
solution.
Fortunately, the time frame of biodegradation in this system is much faster than the
adsorption/desorption process. Biodegradation of 1 mg/L naphthalene typically required
about 10 minutes.

As illustrated in Figure 6-5, desorption of 1 mg/L required

approximately 150 minutes. Adsorption/desorption phenomena are not considered
quantitatively in the remainder of this thesis.
6.2.2 Naphthalene Loss Due to Biodegradation
Batch experiments were conducted in reactors using a water jacket to regulate the reactor
temperature. Aeration was provided so oxygen would no longer be a limiting reactant.
Initial experiments were conducted at 29° to 30° C. The biomass and naphthalene
concentrations followed patterns similar to the curves presented in Figure 6-2 for the shake
flask experiments. Several additional, representative data curves have been presented in
Appendix G
Specific-growth rates were determined in an identical fashion to those for the shakeflask experiments; the slope of the biomass concentration was determined from a semi-log
plot of the biomass concentration over time. Appendix F presents several representative
semi-log biomass concentration plots. Figure 6-6 presents the results of experimental data
from three sets of batch experiments.
The most obvious feature of this data is its wide variability; there is no strong trend.
One possible explanation for the wide variation might be the (slightly) elevated reactor
temperature. As evidence, consider the point labeled "8/96 #7." During the preparation for
this experiment, the ATCC culture stock temperature was inadvertently allowed to rise to
32° C. As is apparent from the experiment, the biomass was not nearly as active as would
have been expected. It is possible that the briefly elevated temperature caused a significant
percentage of the cells to become inactive. Pirt (1975) reports the growth rates for a number
of cell cultures with temperature. Most of the cultures presented by Pirt show a sharp drop
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Figure 6-6. Specific-Growth Rates from Jacketed-Batch Experiments at 29° C

in activity that begins between 30° and 50° C. If 30° C is close to the maximum
temperature for activity of the ATCC culture, then even small temperature increases above
this might cause relatively large variations in the observed growth rate.
The experimental data from the point labeled "10/96 #5" in Figure 6-6 introduces an
additional complexity. The culture used to seed this experiment had been grown for several
days on a medium containing 2 to 5 mg/L naphthalene. When "10/96 #5" was started the
culture was introduced to medium containing nearly 30 mg/L naphthalene. Figure 6-7
illustrates that as the experiment progressed the specific-growth rate was observed to
increase. This observation might be consistent with either an inhibitory kinetic model or
acclimation of the culture. D'Adamo et al. (1984) present inhibitory biomass growth curves
for an acclimated heterogeneous microbial population on phenol that are nearly identical in
shape to the biomass growth curve in Figure 6-7. Only the slope of "Best Fit - I"
(representing the initial specific growth rate) is presented in Figure 6-6. The average
naphthalene concentration for the initial growth rate was used to determine S.
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Figure 6-7. 10/96 #5 Biomass and Naphthalene Measurements
As mentioned previously it is difficult to make accurate measurements of specificgrowth rate using a batch reactor starting at low naphthalene concentrations. This might be
part of the reason that "10/96 #8" appears to be an outlier.All three of the labeled points
("8/96 #7," "10/96 #5," and "10/96 #8") were excluded from further analysis.
Further experiments were conducted in order try to correct the problems associated
with temperature and possibly poorly acclimated cell cultures. Figure 6-8 presents data that
was collected from jacketed-batch experiments run at 25° to 26° C. Data identified as
"3/97" has the additional modification of having been started as a chemostat (as described
in section 5.5).
Compared with the data presented in Figure 6-6, the data in Figure 6-8 appears more
ordered with the possible exception of the three points labeled "11/96 #15", "3/97 #3", and
"3/97 #13." "11/96 #15" is at a very low naphthalene concentration for a batch experiment.
As discussed previously, low naphthalene means that only a small amount of growth can
occur before the naphthalene is depleted. Consequently, it is difficult to obtain an accurate
slope from the semi-log plot of biomass concentration.
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Figure 6-8. Specific-Growth Rates Determined from
Jacketed-Batch Experiments Conducted at 25° C
The apparent bias of "3/97 #13" is explained by wall growth. In an attempt to achieve
a naphthalene concentration near 15 mg/L the reactor was run at increasingly higher
aqueous-flow rates. Nearly I2 hours were required to achieve this concentration, at which
time a small amount of wall growth was visible and may have biased the specific growth
rate measurement. Although not as extreme as "3/97 #13," "3/97 #3" was also the last
experiment run on a particular day. Thus, wall growth although not noted, might have
biased this result as well. Table 6-3 presents values for the experimentally determined
specific-growth rates.
Section 6.4 further discusses this data and presents parameters derived from a nonlinear regression. The two data points that are least representative of the system ("1I/96
#I5" and "3/97 #13") were excluded from further analysis.
The observed yield coefficient is usually defined (M&E 1991, 372) as:
YObs, 6-9
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Table 6-3. Summary of Jacketed-Batch Experiment Results

where,

Two methods were used to estimate Yobs. The first method, based on the overall
change in the biomass(∆X), naphthalene(AS), and time (∆t) is:

This method was used when the naphthalene concentration was allowed to reach zero
and the biomass concentration had stabilized. Since the term for naphthalene loss due to
biodegradation (rs) does not include losses due to stripping, the correction k

∆t was

included.
Some experiments were terminated before the biomass concentration had stabilized or
the naphthalene concentration had reached zero making it more difficult to accurately
determine AX and AS. For these experiments the slope of the biomass concentration and
naphthalene loss curves were used according to:

6-11

Each of these two methods (eq. 6-10 and eq. 6-11) has certain intrinsic errors. Use of
the total changes (∆X, ∆S, and ∆t) as indicated in equation 6-10 results in an average yield
over the time interval. Use of the slopes (dX/dt and dS/dt) in equation 6-11 may also result
in some error because the slope must be estimated from a linear regression of the biomass
and naphthalene data. Slope determination from the biomass data is of particular concern
since the OD determinations did not always generate smooth curves. In some cases,
equation 6-11 may result in slightly lower yield calculations than equation 6-10, because
biomass concentrations generally continued to grow for several minutes even after
naphthalene concentrations were depleted. This is most likely the result of continued
degradation of intermediates in the naphthalene degradation pathway. In order to compare
the difference between these methods, the yield was calculated by both methods for "11/96 Batch 11." Even though the biomass and naphthalene concentrations appear to be fairly
consistent (as illustrated in Figure 6-9), the yield coefficients shown in Table 6-4 are quite
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different depending on the method used for calculation, or if the slopes are used, the
particular points used to determine the slope.
Table 6-4. Comparison Yields Calculated for "11/96 - Batch 11."

Figure 6-9. _Biomass and Naphthalene Concentrations in "11/96 - Batch 11."

6.3 Chemostat
As described in Section 5.6 three types of chemostats Were used to determine specificgrowth rates. The first was a 1-L reactor with the temperature controlled to 29.5° C and no
aeration (7/96). The second was a 2-L reactor, also at 29.5° C, but with aeration (9/96).
The final experiments used a 1-L reactor, at 25.5° C and aeration (1/97, 2/97 and 3/97).
Table 5-6 summarizes experimental conditions for all of the chemostat experiments.
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A mass balance of the chemostat at steady state leads to the following relationship
when there is no biomass in the reactor influent:

where,
In the batch reactor the initial naphthalene concentration was set and the growth rate
measured. For the chemostat, the growth rate is set, based on the flow rate, and the
naphthalene concentration is measured when the reactor reaches steady state.
Figure 6-10 illustrates experimental data from the first two groups of experiments,
both at 29.5° C.

Figure 6-10. Specific-Growth Rate Determined by Chemostat at 29.5° C
The data in Figure 6-10 illustrates two intrinsic problems to measuring the specificgrowth rate using a chemostat. The first arises when attempting to measure the naphthalene
concentration at specific growth rates less than 0.0065

because naphthalene

concentrations are less than 0.1 mg/L. Although integration of the chromatogram peaks has
been performed, this is very near the instrument detection limit. The second problem results
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from the nearly flat shape of the specific-growth rate curve at naphthalene concentrations
above 0.5 mg/L. In this region even very slight changes in the flow rate can result in
dramatic changes in the naphthalene concentration. Thus, it is difficult to obtain a stable
naphthalene measurement.
Figure 6-11 presents data from the chemostat experiments conducted at 25.5° C. In
this figure only the experimental points with the solid markers are data representative of the
system. The other data points are presented to illustrate a significant problem encountered
when using the chemostat reactor, i.e. the problem of wall growth. Chemostat
measurements were typically made by waiting for the naphthalene and biomass
concentrations to stabilize at a particular flow rate. When they had stabilized the flow rate
was increased and the system again allowed to stabilize. One characteristic of both of the
models (Monod and Andrews) typically used for aqueous systems, is that there is a
maximum growth rate (µ.max). At flow rates that would require a growth rate (as expressed
in equation 6-12) above µMax, washout occurs. With the presence of wall growth, increased
flow means increased wall growth — not washout. The suspended biomass concentration
measured by OD, is no longer representative of the total biomass present in the reactor.
Unfortunately, the wall growth was not immediately visible through the Lucite reactor
walls. It was not until the reactor was actually opened and the interior wall wiped that the
wall growth was observed.
In the next section (Section 6.4), specific growth rate data from the chemostat
experiments will be combined with the batch experiment data, and kinetic parameters will
be determined
The yield calculation for a chemostat relies on a mass balance of naphthalene in the
reactor. Including stripping losses the mass balance is:

Under steady state conditions (dS/dT = 0), and with the aid of equation 6-12, equation
6-13 can be rearranged to give:
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Figure 6-11. Specific-Growth Rate Determined by Chemostat at 25.5° C

Table 6-5. Summary of Chemostat Experiment Results
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In practice the term

which corrects for naphthalene losses due to stripping,

was very small because the naphthalene concentrations in the chemostat were typically
small. Table 6-5 presents yield coefficients calculated from the chemostat data.

6.4 Determination of Kinetic Parameters
One of the primary objectives of this study is to obtain kinetic parameters. This section
combines the results of the jacketed-batch experiments and the chemostat experiments for
each of the two temperatures considered. A critical analysis of the data was used to exclude
data not representative of the system. Finally, a non-linear least squares fit of the data was
performed using a MathCad program to determine the kinetic parameters. Monod,
Andrews, and a zero-order model were tested.
Monod:

6-15

Andrews:

6-16

zero-order

6-17

The equation to be minimized by the regression algorithm was:

depending on whether a non-inhibitory (Monod) or inhibitory (Andrews) regime,
respectively, was to be tested. For the zero-order model, the average (mean) specific growth
rate was taken as the value of ko.
The MathCad regression program required that initial guesses for the kinetic
parameters be provided. In practice it was found that the parameter values returned by the
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program varied depending on the initial guess provided. To determine the best parameter
values, the initial guesses were varied and the sum-of-squares error (SSE) reported for each
returned set of parameters was recorded. The lowest SSE's produced parameter values that
were very close to each other, An average of these lowest values was then used as the
experimentally determined "best fit."
By comparing the SSE's for the "best fit" for both the Monod and Andrews
parameters, it was possible to determine which was most likely representative of the system.
The lower SSE represents the better match. In the limiting case, as K1 becomes very large,
the Monod and Andrews models become indistinguishable.

Figure 6-12. Parameter Fitting of Non-Aerated Experimental Data
Figure 6-12 presents the results of parameter fitting for the non-aerated data. This
includes the shake-flask experiments and the "7/10 Chemostat" data. "Best fits" for both
the Monod and Andrews regimes are presented. Not all of the shake-flask data was used for
this fitting. Specific-growth rates measured at low naphthalene concentrations (-1 mg/L)
were not considered accurate because the small changes in biomass concentration made it
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difficult to obtain an accurate slope measurement using equation 6-5. Table 6-6 presents
the parameter values of the best fits and the SSE for these parameters. The lower SSE for
the Andrews fit suggests that for the non-aerated system, an inhibitory model better
represents the experimental data.
Table 6-6. Fitted Kinetic Parameters for Non-Aerated Experiments

It is worth noting that the three data points from the "6/27 Shake Flask" experiment
were significantly affected by the temperature in the lab (14° C as described in Section
6.1.2). They were also only collected at relatively low naphthalene concentrations. If these
points were not included in the fitting routine then the regime would be even more clearly
inhibitory.

Figure 6-13. Parameter Fitting of Aerated Experimental Data at 29.5° C
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Figure 6-13 presents the results of the aerated experimental data collected at 29.5° C.
This includes data from jacketed batch experiments (8/96, 9/96, and 10/96) along with the
chemostat data (collected in 9/96). For Figure 6-13 the "best fit" for the Monad parameters
only is presented. As presented in Table 6-7, the best fit for the Andrews parameters
produced a very large K1. If K1 is very large the model reduces to the Monod equation.
Table 6-7. Fitted Kinetic Parameters for Aerated Experiments at 29.5° C

Figure 6-14. Parameter Fitting of Aerated Experimental Data at 25.5° C
Figure 6-14 presents the results of the aerated experimental data collected at 25.5° C.
This includes data from jacketed batch experiments (11/96 and 3/97) along with the
chemostat data (1/97, 2/97 and 3/97). For Figure 6-14 the "best fits" for both Monod and
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Andrews parameters are presented. As presented in Table 6-8, the Andrews model
produced a smaller SSE and therefore a better fit with the experimental data.
Table 6-8. Fitted Kinetic Parameters for Aerated Experiments at 25.5° C

It is interesting to note that µMax and

are both greater at 25.5° C than at 29.5° C.

This is opposite of the expected trend if the organisms were not near their maximum active
temperature. Thus it appears that 29.5° C was in fact too high a temperature as previously
postulated in Section 6.2.2.
The values of K5 presented in Table 6-8 are nearly an order of magnitude less than the
values presented in Tables 6-6 and 6-7. As mentioned previously, the value of K5 is largely
dependant on specific growth rates determined at very low naphthalene concentrations. For
the aerated reactor data collected at 25.5° C, there were several points that were collected at
very low concentrations (S < 0.01 mg/L). At such low concentrations there is a large
percent error in the naphthalene concentration. If this error resulted in a low bias for the
low-concentration naphthalene results, then Ks would also be biased low.
Determination of the K1 parameter is largely dependent on data at elevated
concentrations. As has been discussed there were substantial difficulties with collecting
data at concentrations above 10 mg/L. When a standard batch reactor was used, where a
seed culture was added to the naphthalene containing medium, the culture was slow to
acclimate causing low specific-growth rates. When a chemostat was used to initiate the
reactor, giving the microbes time to acclimate, wall growth quickly occurred causing
apparently elevated specific-growth rates.
Although the Andrews model provides a slightly better fit of the experimental data
then the Monod model, the difference in the SSE's is less than 40%.
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Figure 6-15 presents results of all of the data along with "best fit" curves determined
from a non-linear regression of the data. Strictly speaking, all of the data should not be
combined because different experimental conditions were used. As Figure 6-15 illustrates,
however, there is considerable overlap and scatter between all three data sets. Thus, in an
attempt to provide one set of kinetic parameters, the data has been grouped together and
analyzed a a whole. Parameters developed from this analysis are presented in Table 6-9.

Figure 6-15. Parameter Fitting of All Experimental Data

Table 6-9. Fitted Kinetic Parameters for All Data
Kinetic
Parameters
µMax = 0.0057 (min-1)
Monod:
Ks = 0.00088 (mg/L)
Andrews: µ = 0.0064 (mind)
Ks = 0.0031 (mg/L)
Ki = 42 (mg/L)

Sum-of-Squares
Error (SSE)
1.203E-04

1.098E-04
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Once again, the inhibitory, Andrews, model appears to provide a slightly better fit of
the data. The SSE for the Monod fit is only about 10% greater than the Andrews fit. As has
been the case with each of the data sets, the value of Ks is quite low.
Although in practice the Monod equation is treated as an empirical fit of the
experimental data, the form of the equation is based on the Michaelis-Menton
enzyme/substrate system:

The first reaction is assumed to be in equilibrium, while the second reaction is
irreversible. Using a quasi-steady state assumption that d(ES)/dt = 0, it can be shown that:

Thus, Ks provides a measure of the enzyme affinity for the substrate. If the substrate
combines with an enzyme much faster than the enzyme-substrate complex (ES) breaks
down to form products (i.e. k2 « k1) then Ks will be small.
For a system using whole cells a broader interpretation of the system is appropriate.
Bailey and Ollis (1977, pg, 346) discuss the relationship of Ks to glucose transport across
the cell membrane in a system using glucose as substrate. We can imagine that a
hydrophobic compound like naphthalene might be very quickly absorbed by lipids in the
cell membrane, but require a longer time to be fully metabolized.
One additional fit of the data was performed; namely, a zero order rate constant
(according to equation 6-17) for all of the data at naphthalene concentrations greater than
0.05 mg/L. This resulted in:

which is nearly identical to the value of µMax presented in Table 6-9. The SSE for k0 (when
applied to naphthalene concentrations greater than 0.05 mg/L) was 1.030E-04. When the
Monod model (parameters shown in Table 6-9) was applied to the same data, the SSE was
virtually the same (1.037E-04).
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6.5 Summary
The parameters presented in Table 6-10 were used to predict the naphthalene and biomass
concentrations of a number of individual batch experiments (Figure 6-16 and Appendix H).
The predicted curves used an average yield coefficient (Yobs) of 1.2 mg biomass produced/
mg naphthalene consumed (based on the data presented in Tables 6-1, 6-3, and 6-5 that was
not considered to be impacted by wall growth).
Table 6-10. Summary of Model Parameters
Parameter
Monod

µMax (min-1)
Ks (mg/L)
Andrews
µ (min-1)
Ks (mg/L)
Ki (mg/L)
Zero-Order k0 (min-1)

Non-Aerated
(29.5° C)
0.0045
0.0025
0.0055
0.0073
26

Aerated
(29.5° C)
0.0060
0.0083
0.0060
0.0084
23000

Aerated
(25.5° C)
0.0066
0.00065
0.0074
0.0022
31

All Data
0.0057
0.00088
0.0064
0.0031
42
0.0058

The simulated and experimental plots were selected to show each of the three types of
reactor conditions: non-aerated with no temperature control, aerated and 29.5° C, and
aerated and 25.5° C. Each simulation starts with the experimentally measured biomass and
naphthalene concentrations. At each point the change in biomass and naphthalene
concentration was calculated according to:

Euler's method was then used to calculate the concentration at the next time interval.
As might be expected based on the scatter of the experimental data, some experiments such
as "11/96 - Batch 10" are modeled quite well by the simulations, while the others
approximate the shape of the curve, but not the exact values. From these results, the zero
order model appears to perform as well as the Monod or Andrews models.
Table 2-1 summarizes all of the kinetic rates for naphthalene degradation found in the
literature. Three sets of Monod parameters were available from literature data and are
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presented in Table 6-11. Two of these are from re-analysis of published data (See
Appendix A).
Table 6-11. Summary of Monod Parameters Available from the Literature
Source

µMax (min-1)

Ks (mg/L)

Goldsmith and Balderson (1989)

0.016

8.3

0.0055

0.04

0.011

1.1

(Based on Re-analysis - See Appendix A)
Volkering et al. (1992 and 1993)

Buitron and Capdeville (1993)
(Based on Re-analysis)

Literature µMax values are similar to those determined in this thesis; less than an order
of magnitude separates all the values. Ks values, however, don't show nearly as much
agreement. Even among the literature values, Ks ranges over two orders of magnitude. The
smallest of the literature Ks values is still roughly five times the values determined in this
thesis. The two higher Ks values, determined by Goldsmith and Balderson (1989) and
Buitron and Capdeville {1993), are both based on batch experimental work at initial
naphthalene concentrations above 1.5 mg/L. Thus, it is not surprising that K5 values might
be different because K5 depends so heavily on the specific-growth rate at low
concentrations.
In real environmental systems the growth rate is almost always restricted by additional
factors such as mass transport of naphthalene into the aqueous phase, accumulation of
metabolites, and additional limiting nutrients such as oxygen, nitrogen, or phosphorus.
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Figure 6-16. Simulation vs. Experimental Biomass and Naphthalene Concentrations
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Figure 6-16. (Cont.) Simulation vs. Experimental Biomass and Naphthalene
Concentrations
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Figure 6-16. (Cont) Simulation vs. Experimental Biomass and Naphthalene
Concentrations

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

Initial experiments showed that Pseudomonas putida (ATCC 17484) was able to degrade
naphthalene at a faster rate than a P. putida G1 from EPA's Gulf Breeze Laboratory. Based
on this result the ATCC culture was selected for further batch and chemostat experiments.
A number of experiments were conducted using shake flasks. Although easy to
conduct, the lack of adequate temperature control and aeration led to the use of a jacketed
reactor with aeration for further batch and chemostat experiments. With the addition of
aeration, an empirical correction for stripping losses was included in calculations. Although
some adsorption to the reactor was observed, the impact of adsorption/desorption processes
was considered to be negligible.
The second set of conditions incorporated aeration and temperature control (29.5° C).
A large degree of experimental scatter prompted the use of a third set of reactor conditions
at 25.5° C.
In order to accomplish the primary goals of this thesis as described in Section 3, a
non-linear regression of the data was performed on each of the three sets of data and the
combined set of all experimental data. The regression algorithm determined kinetic
parameters for both Monod and Andrews models. Table 7-1, which duplicates Table 6-10,
summarizes the results. In addition to the Monod and Andrews models, a zero-order model
was also considered. Except for extremely low concentrations (S < 0.05 mg/L), the zero
order and Monod models produce nearly identical results. Simulations of batch reactors
presented at the end of Section 6.5 and in Appendix H further support this conclusion.
For three of the four data sets (all except the aerated at 29.5° C) the Andrews model
provided a slightly better fit for the data than the Monod model based on the sum-of-squares
error (SSE). Although the data shows a large degree of variability, it is likely that the
Andrews model better describes the kinetics of the system. Values presented in bold in
Table 7-1 are suggested for use depending on the desired complexity of the model. The
"Aerated (25.5 C)" data is suggested for the Andrews parameters because this is considered
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to be the most accurate set of data. Unlike the Monod parameters which are quite similar
for the three data sets, the Andrews parameters are significantly different.

Table 7-1. Summary of Model Parameters
Parameter
(min-1)
Ks(mg/L)
Andrews
µ (min-1)
Ks (mg/L)
Ki (mg/L)
Zero-Order k0 (min-1)
Monod

µMax

Non-Aerated
(29.5° C)
0.0045
0.0025
0.0055

Aerated
(29.5° C)
0.0060
0.0083
0.0060
0.0084
23000

0.0073
26

Aerated
(25.5° C)
0.0066
0.00065
0.0074

All Data

0.0022
31

0.0031
42
0.0058

0.0057
0.00088
0.0064

Values indicated in bold are suggested for use as kinetic parameters.

A number of experimental difficulties were encountered during the course of this
investigation. The most persistent problems, and suggestions for further experimental
refinements, are provided in Table7-2.
Table 7-2. Experimental Problems and Possible Solutions
Problem

Comment

Possible Solution

Inconsistent
biomass
measurements

Optical density measurements
although convenient, may
have been a significant source
of variability.

•

Wall growth in
chemostat

Determining the maximum
growth rate was complicated
by wall growth when
acclimating organisms to high
naphthalene concentrations.

•

Variability in
growth rate
measurements

Some variability might be due
to different cell histories of the
seed culture; whether
"leftover" from a previous
reaction, or initiated with fresh
concentrate.

•

•

•

Use other measures of biomass, such as protein
concentration or cell count,
Refine the way in which OD is measured. Use of
a different wavelength or sonication of samples
prior to measurement might increase accuracy.
Use a separate reactor for cell acclimation and
kinetic measurements. The suspended cells would
be transferred immediately before the experiment.
Use of a glass or stainless steal reactor (rather than
Lucite) might provide a surface more resistant to
growth.
Consistent cell history might be obtained by
growing seed culture in a chemostat. The
chemostat effluent could then be used as seed
culture for batch reactors.

APPENDIX A
RE-ANALYSIS OF DATA FROM BUITRON AND CAPDEVILLE 1993; AND
GOLDSMITH AND BALDERSON 1989

63

64

Appendix A- Reanalysis of Buitron Paper.xls - 8/22/97 - Page 1 of Sheet1

65

Appendix A - Reanalysis of Goldsmith Paper.xls - 8/22/97 - Page 1 of SheetA

APPENDIX B
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Biomass Concentrations In Each Flask Over Time
Experiment Started 06/04/96.
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Linear Regression of ATCC log transformed Data
From points T7 to T13
Regression Output:
0.8492669
Constant
0.0309366
Std Err of Y Est
R Squared
0.9920004
7
No. of Observations
5
Degrees of Freedom
X Coefficient (s)
Std Err of Coef.

0.0070486
0.0002831
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THE RELATIONSHIP BETWEEN AQUEOUS CONCENTRATION (S) AND MOLE
FRACTION (χ)IS:
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Figure F-1. Aeration Rate vs. Naphthalene Loss
at 26° C in a 1-L Reactor

Figure F-2. Aeration Rate vs. Naphthalene Loss
at 29.5° C in a 2-L Reactor
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